Stable and unstable mutant lysozymes in long helices B and C were constructed to evaluate the effect of the helices on amyloid fibril formation at pH 2. Stable mutant N27D and unstable mutant K33D in the B-helix did not change in amyloid fibril formation. In contrast, stable mutant N93D and unstable mutant K97D in the C-helix showed big differences in behavior as to amyloid fibril formation. Stable mutant N93D showed a longer lag phase of aggregation and suppressed the amyloid fibril formation, whereas unstable mutant K97D showed a shorter lag phase of aggregation and accelerated amyloid fibril formation. These results suggest that the long C-helix is involved mainly in the -helix to -sheet transition during amyloid formation of lysozyme.
In some pathological conditions, the proteins are not folded to native structures but are folded incorrectly, generating stable insoluble fibrils. Amyloid fibrils are usually formed by mutant proteins that have a lower stability than wild-type proteins.
Two types of mutant human lysozymes, I56T and D67H, that are well-known as pathogenic proteins of human lysozyme amyloidosis have been reported to form amyloid deposits in the viscera, causing hereditary non-neuropathic systemic amyloidosis. 8, 9) The isoleucine at position 56 is a pivotal residue for the structural integrity of the lysozyme fold in that it links theand -domains. Thus the substitution around a pivotal residue considerably affects the interaction of the -and -domains. Replacement of aspartic acid with histidine at position 67 also destroys the network of hydrogen bonds that stabilizes the -domain, resulting in a large and concerted movement of the -sheet. Thus changes at the interface region between -and -domains occur in both mutants.
According to a proposed mechanism for the amyloid fibril formation of lysozyme, 10, 11) soluble forms of amyloidogenic proteins, through a transient population of intermediates with the structural characteristic of molten globules can occur in intermolecular -sheet association and subsequently increase in -sheet structure, involved in the -helix to -sheet transition to form amyloid fibrils, but there is no information on which helix region is involved in amyloid fibril formation forming the -helix to -sheet transition.
It has been also found that hen lysozyme easily forms amyloid fibrils under several strict conditions, such as acidic conditions and elevated temperature. [12] [13] [14] [15] [16] [17] Frare et al. 16) proposed that fragment 57-107 is a highly amyloidogenic region in hen lysozyme. Hen lysozyme contains three long helices, A (5-15), B (25-35) and C (88-99). Hence it is probable that the conversion to the -sheet structure of the C helix in the amyloidogenic region is involved in amyloid fibril formation rather than other long A and B helices. This must be elucidated to clarify the molecular mechanism of amyloid fibril formation in lysozyme.
We have reported that the conformational stability of hen lysozyme is greatly affected by the replacement of amino acid residues involved in the stabilization of the -helix dipole. 18) This suggests that -helix stable and unstable mutant lysozymes can be useful in the elucidation of the molecular mechanism of the amyloid fibril formation reaction. Hence we describe the effect of the stability of the helices around the -domain on the amyloid fibril formation of hen lysozyme in order to elucidate the significance of the -helix to -sheet transition.
Materials and Methods
Materials. An EasySelectÔ Pichia Expression Kit was purchased from Invitrogen (California). CM-toyopearl 650M resin was purchased from Tosoh (Tokyo). Thioflavin T was purchased from Wako (Osaka, Japan). Elastic carbon-coated copper grid was from Ouken (Tokyo). All other chemicals were of analytical grade for biochemical use.
y To whom correspondence should be addressed. Tel: +81-83-933-5854; Fax: +81-83-933-5820; E-mail: akiokato@yamaguchi-u.ac.jp Secretion and purification of wild-type and mutant lysozymes in yeast. Mutagenesis, expression, and purification of hen egg lysozymes were performed as described previously. 18, 19) The preculture was transferred to 400 ml of fresh YPD medium and incubated at 30 C for 1 d with shaking. Then all growth medium of the host cells was centrifuged at 2;000 Â g for 5 min at 4 C, and then the supernatant was discarded. The cell pellet was suspended in 400 ml of SM medium, and variant lysozymes were secreted at 30
C for 96 h with shaking. A methanol solution was added to a final concentration of 0.5% every 24 h to maintain continuous secretion of mutant lysozymes. The growth medium of the host cells was centrifuged at 3;000 Â g for 5 min to remove host cells at 4 C. The supernatant was diluted with deionized water at least 2.5 fold. The diluted solution was applied to a CM-toyopearl 650 M opened column (1:8 Â 6 cm) equilibrated with 20 mM sodium phosphate buffer (pH 6.5), and the column was washed with the same buffer until the washing solution was free of protein. The adsorbed proteins were eluted with a linear gradient of 0.15 to 0.5 M NaCl in 20 mM sodium phosphate buffer (pH 6.5). The protein content in each fraction was detected by measuring the absorbance at 280 nm. The protein fractions were analyzed by SDS-PAGE. All fractions containing mutant HEWL were collected and dialyzed against deionized water to remove salt at 4 C for 24 h. The purified mutant lysozymes were lyophilized and used to prepare the solution for the experiments.
Amyloid fibril formation. The mutant lysozymes (0.1 mM) were incubated in 10 mM glycine-HCl buffer, 0.02% sodium azide, pH 2.0, at 65 C without agitation. 20) Incubation was carried out for several days. The time course of amyloid fibril formation was followed by thioflavin-T assay, CD analysis, and Transmission Electron Microscopy (TEM) for several days.
Fluorescence assay. Fluorescence measurements were carried out using a multi-functional plate reader GENios (Wako) at room temperature. Thioflavin-T assay has been used to trace the kinetics of amyloid fibrillation. 21) Ten ml of lysozyme mutant solutions (100 mM) in 10 mM glycine-hydrochloric acid buffer, pH 2.0, containing 0.02% NaN 3 was incubated for 48, 96, 120, 144, 168, and 192 h. The solutions were mixed with 90 ml of 65 mM thioflavin-T solution in 66 mM sodium phosphate buffer containing 100 mM NaCl, pH 7.4. The fluorescence intensity of thioflavin-T was measured at an excitation wavelength of 450 nm and an emission wavelength of 485 nm.
Circular dichroism (CD) analysis. Far-ultraviolet (200-260 nm) circular dichroism (far-UV CD) spectra were measured to estimate the conformational change in mutant lysozymes during incubation forming amyloid fibrils of lysozyme. CD spectra were recorded at 10 times dilution of samples with a spectropolarimeter (Jasco J-600) using a 0.1-cm cuvette. The temperature of the cuvette was maintained at 25 C with a circulating water bath. The accuracy of data was improved by averaging for scans integrated with the data processor (Model DP-501). CD spectra was expressed in terms of mean reside ellipticity (deg cm 2 dmol À1 ). The ratios of ellipticity of the CD spectra at 208 nm and at 218 nm, ½ 218 nm =½ 208 nm were measured, the -helix to -sheet transition.
22)
Transmission electron microscopy (TEM) analysis. Lysozyme solutions diluted 10 times were adsorbed on carbon-coated copper grids and negative stained with 2% phosphate tangustanic acid, pH 6.0. Micrographs were recorded at a magnification of 20,000 with an electron microscope (Hitachi, H-7600) operating at 80 kV.
Results

Construction of stable and unstable mutant lysozymes
Hen lysozyme has three long helices at positions 5-15, 25-35, and 88-99, as shown in Fig. 1 . Stable and unstable mutant lysozymes in two long helices B (25-35) and C (88-99) were constructed to evaluate the effects of the two helices on amyloid fibril formation, because it has been reported that mutational amino acid residues related to human lysozyme amyloidosis exist at the -domain between helices B and C in human lysozyme. 10, 11, [23] [24] [25] Although an -helix to -sheet transition of helices B and C has been predicted during amyloid fibril formation, no evidence has been obtained. In order to elucidate the involvement of the B and C helices in -sheet transition, we constructed stable and unstable lysozymes mutated in helices B and C. It has been found that the stability of proteins is influenced by changes in the charges at the ends of the helices. 18, [26] [27] [28] Positively charged lysine residue is located at the C-terminus of long helices B and C, enhancing the stability of the dipole moment in both helices. Hence unstable mutant lysozymes were constructed by replacement of lysine residue with aspartic acid (K33D and K97D) by genetic modification. On the other hand, negatively charged amino acid was genetically introduced at the N-terminus of long helices B and C to enhance the stability of their helices by replacement of asparagine with aspartic acid (N27D and N93D) (Fig. 1) . 18) Table 1 shows the thermodynamic parameters reflecting the stability of stable mutants (N27D and N93D) and unstable mutants (K33D and K97D) the in B and C helices respectively in hen lysozyme. The transition temperature of denaturation (Tm) values of mutants K33D and K97D were greatly decreased, suggesting a loss of conformational stability. On the other hand, the Tm values of mutants N27D and N93D were slightly increased, suggesting an increase in stability. This was further confirmed by the free energy change in denaturation, ÁÁG. Amyloid fibril of wild-type, unstable, and stable mutant lysozymes was formed a low pH of 2. As shown in Fig. 2 , the tendency towards stability and unstability of mutant lysozymes was maintained, although the differences decreased at pH 2. The Tm of the -helix stable mutants (N27D and N93D) was more stable than that of the wild type. On the other hand, that of the -helix unstable mutants (K33D and K97D) was decreased a compared with that of the wild type.
Amyloid fibril formation of stable and unstable mutant lysozymes monitored by amyloid-binding dye and ½ 218 nm =½ 208 nm during incubation at pH 2 at 65 C Amyloid fibril formation of wild-type and various mutant lysozymes was monitored by the changes in the ratio ½ 218 nm =½ 208 nm , reflecting the increase in the -sheet and changes in the fluorescence of thioflavin T, reflecting the formation of amyloid fibril structure (cross-structure). As shown in Fig. 3A , the CD spectra of the wild-type lysozyme showed a typical denaturation pattern after heating for 96 h, whereas a peak of 218 nm emerged after 144 h, suggesting the formation of a cross-structure. Hence the ratio ½ 218 nm =½ 208 nm was monitored as a index of the formation of cross--structure.
22) The change in the ratio ½ 218 nm =½ 208 nm estimated from the CD spectra of the lysozyme suggested conversion of the -helix to the -sheet during incubation at 65 C at pH 2.0 for 6 d (Fig. 3B) . Similarly, the fluorescence of thioflavin T, reflecting amyloid fibril formation, was monitored during incubation at 65 C at pH 2.0. As shown in Fig. 3B , the lag phase of the sigmoid curves was observed for 2-4 d and then the curves increased exponentially, suggesting the formation of amyloid fibril. It is likely that the fluorescence of thioflavin T is more sensitive following amyloid fibril formation.
The stable and unstable mutant lysozymes in helix B, N27D and K33D respectively, incubated in a solution of pH 2.0 at 65 C, were monitored with thioflavin-T. As shown in Fig. 4A , no significant changes in the curves followed by thioflavin-T fluorescence were observed in the lag phase during incubation at 65 C for 96 h as between wild-type, stable mutant N27D, and unstable mutant K33D in helix B, although slight changes were observed in the exponential phase. On the other hand, big differences were observed between wild-type, stable mutant N93D, and unstable mutant K97D in helix C, as shown in Fig. 4B . The lag phase of amyloid fibril formation of stable mutant N93D detected with thioflavin T was prolonged to 120 h and amyloid fibril formation was greatly suppressed, whereas the lag phase of unstable mutant K97D was shortened and the amyloid fibril formation was accelerated to about twice that of stable mutant N93D. The fluorescence intensity of the wild-type and K97D was reached in the stationary phase over 144 h.
The amyloid fibril formation of stable and unstable mutant lysozymes was also monitored by the ratio ½ 218 nm =½ 208 nm during incubation at pH 2 at 65 C. The increase in -sheet structure was confirmed by the ratio ½ 218 nm =½ 208 nm , reflecting the -helix to -sheet transition during amyloid fibril formation. As shown in Fig. 5A , no significant changes in the ratio ½ 218 nm = ½ 208 nm as between the wild-type, stable mutant N27D, and unstable mutant K33D in helix B were observed in the lag phase during incubation for 96 h, although slight changes were observed in the exponential phase. On the other hand, big differences were observed between the wild-type, stable mutant N93D, and unstable mutant K97D in helix C, as shown in Fig. 5B . The lag phase of amyloid fibril formation of stable mutant N93D as detected by ½ 218 nm =½ 208 nm was prolonged to 120 h and amyloid fibril formation was suppressed, whereas the lag phase of unstable mutant K97D was shortened and amyloid fibril formation was accelerated in a manner similar to the curves for thioflavin-T (Fig. 4B) . These results suggest that the stability of helix C is closely related to the amyloid fibril formation of lysozyme. The value of ½ 218 nm =½ 208 nm of all samples was stationary over 144 h.
Amyloid fibril formation of stable and unstable mutant lysozymes followed by TEM during incubation at pH 2 at 65 C In order to confirm further the differences in amyloid fibril formation between various mutant lysozymes, TEM was measured in order to visualize the amyloid fibril formation. As shown Fig. 6 , the TEM of unstable mutants K33D and K97D showed more amyloid fibril formation after 144 h ( Fig. 6C and E) than the wild type (Fig. 6A) . On the other hand, TEM of stable mutant N93D did not show amyloid fibril formation after 144 h (Fig. 6D) , although N27D lysozyme showed slight amyloid fibril formation after 144 h (Fig. 6B) . As shown The transition temperature (Tm) was determined from the denaturation curves. ÁG represents the Gibbs free energy change in unfolding at 20 C. ÁÁG represents subtraction from the ÁG of wild type. in TEM, stable mutant N93D in helix C suppressed amyloid fibril formation, whereas unstable mutant K97D in helix C accelerated amyloid fibril formation. Thus big differences in amyloid fibril formation were observed between stable mutant N93D and unstable mutant K97D in helix C. On the other hand, stable mutant N27D and unstable mutant K33D in helix B showed almost the same behavior as the wild-type lysozyme. Thus the observation of TEM is compatible with the results for amyloid fibril formation followed by the fluorescence of the amyloid-binding dye (thioflavin T), and the ratio ½ 218 nm =½ 208 nm , reflecting an increase in -sheet structure. These results suggest that long helix C is involved mainly in the -helix to -sheet transition during amyloid formation of hen lysozyme.
Discussion
The methylotropic yeast P. pastoris is a powerful expression system secreting unstable proteins such as amyloidogenic lysozyme mutants. It is possible to secrete unstable mutant lysozymes that easily cause amyloid fibril formation using the expression system of P. pastoris. Since the mutated residues of the amyloid disease in human lysozyme are located in the -domain between helix B and helix C, 11, [23] [24] [25] the -helix to -sheet transition is predicted to cause amyloid fibril formation of lysozyme. Amyloid fibril has a cross structure, in which ordered -pleated sheets propagate in the direction of each strand perpendicular to the long axis. 29) These facts provide the information that the -domain or a region close to the -domain is involved in amyloid fibril formation. Booth and co-workers proposed a mechanism of amyloid fibril formation of human lysozyme.
10) The soluble forms of amyloidogenic proteins, through a transient population of intermediates with the structural characteristic of molten globules might occur in intermolecular -sheet association and, subsequent increase in -sheet structure, involved in the -helix to -sheet transition to form amyloid fibrils, but no evidence has been found of this proposed mechanism. Hence we attempted to elucidate the amyloid fibril formation of hen lysozyme using various -helix stable and unstable mutant lysozymes in helices B and C (Fig. 1). 18) Experiments on amyloid fibril formation in hen lysozyme mostly use native lysozyme purified from hen egg under acidic pH or reduced conditions. [12] [13] [14] [15] [16] [17] We found that wild-type and various hen lysozyme mutants can easily be secreted in the expression system of Pichia pastoris.
18) The wild-type lysozyme secreted in Pichia pastoris also formed amyloid fibrils under acidic conditions in a manner similar to native lysozyme in egg white. Under acidic conditions for amyloid formation, the -helix stabilized mutants N27D and N93D delayed the conversion to amyloid fibril more than the wild type, whereas -helix destabilized mutants K33D and K97D accelerated amyloid fibril formation. These results suggest that amyloid fibril formation is due to the conversion of the -helix to a -sheet. However, apparent differences in amyloid fibril formation were found as between the mutants of helices B (N27D, K33D) and C (N93D, K97D). Big differences were observed between wild-type, stable mutant N93D, and unstable mutant K97D in helix C. The lag phase of amyloid fibril formation of stable mutant N93D was prolonged to 120 h. Hence amyloid fibril formation was suppressed, whereas the lag phase of unstable mutant K97D was shortened. Therefore, amyloid fibril formation was accelerated to twice the speed of stable mutant N93D. These findings suggest that amyloid fibril formation is generated by the formation of a cross -structure due to the conversion of the -helix to a -sheet in helix C. Frare et al. reported that flagment 57-107, produced by pepsin, is an amyloidogenic region. 16) Our findings provide a further detailed mechanism of lysozyme amyloid fibril formation. The amyloid fibril of lysozyme generates through the development of a cross -structure by the conversion of the -helix to a -sheet in helix C, followed by soluble forms of amyloidogenic precursor protein through a transient population of intermediates with the structural characteristics of molten globules.
Our approach to elucidating amyloid fibril formation can perhaps be used with other amyloid proteins.
